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Abstract: 
Sinorhizobium meliloti are bacteria capable of metabolizing a broad range of carbon 
sources. The organism's ability to preferentially utilize the most preferred carbon source before 
metabolizing less energy efficient carbon compounds relies heavily on the process of catabolite 
repression. While succinate-mediated catabolite repression has been heavily studied and 
understood, glucose-mediated catabolite repression of lactose utilization has also been shown to 
occur within S. meliloti, yet the biological machinery necessary for this process to occur remains 
largely unknown. In order to discover the means by which glucose-mediated catabolite 
repression occurs inS. meliloti, twenty-two Tn5 mutants were assayed to determine if P-
galactosidase was over-expressed in the presence of glucose. All mutants showed low levels of 
p-galactosidase when grown on glucose plus lactose, indicating that all were able to exert 
glucose-mediated catabolite repression on lactose utilization. However, the three mutants, 
307620, 20749, and 207119, that were identified as glucose minus mutants prior to the assays 
also exhibited glucose-mediated catabolite repression of lactose metabolism. Mutant 107119, 
which behaved similarly to mutant 307620, was also observed to exhibit glucose-mediated 
catabolite repression of the lac operon. Since the three glucose minus mutants were unable to 
successfully utilize glucose, all four mutants were grown on a variety of carbon sources that are 
catabolized at different points within the Entner-Doudoroff pathway to determine which 
enzymes had been mutated respective to each mutant. By identifying which enzymes were 
defective in each glucose minus mutant, additional information was gained on how far glucose 
must be metabolized to exert glucose-mediated catabolite repression on lactose utilization. From 
this research, it appears that glucose must be processed as far as 6-phosphogluconate to exert 
glucose-mediated catabolite repression inS. meliloti. 
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Introduction: 
Flora categorized under the family of legumes are the only plants -with a few exceptions 
-capable of fixing atmospheric nitrogen, generating their own sources of ammonia within the 
soil surrounding their root systems (van Rhijn et al. 1995). The ability of legumes to fix nitrogen 
and replenish their own sources of soil nitrogen compounds relies on the nodulation of their root 
systems by symbiotic bacteria, collectively known as rhizobia (van Rhijn et al. 1995). Rhizobia 
are classified under the four general genera: Sinorhizobium, Bradyrhizobium, Mesorhizobium, 
and Azorhizobium (van Rhijn et al. 1995). In particular, Sinorhizobium meliloti has been 
observed to be a fast-growing, gram-negative Rhizobium bacterium, capable of existing in two 
forms: as a free-living organism within the rhizosphere surrounding plant roots or involved in a 
symbiotic relationship with a specific member of the legume family (Jelesko and Leigh, 1994). S 
meliloti are also capable of metabolizing a wide variety of carbon sources, an essential 
characteristic necessary for surviving in multiple environments. The nitrogen-fixing ability of 
rhizobia is shown to occur only in root nodules when the bacteria are participating in a successful 
symbiotic relationship with their host plant. Since nitrogen fixation conducted by rhizobia is a 
highly energy demanding process (Djordjevic, 2004), it is important that plant root systems 
provide the bacteria with an extremely controlled environment, containing highly energy 
efficient carbon sources and microaerophilic conditions (Madigan et al. 2003). 
When the bacteria participate in symbiotic relationships with the host leguminous plant, 
the bacteria exist within a root nodule and are capable of fixing atmospheric nitrogen. Fixed 
nitrogen is instituted into the surrounding soil following the death and decay of the legume; this 
source of nitrogen located within the soil can now serve as fertilizer for existing plants or 
developing seedlings within the surrounding area (Madigan et al. 2003). When the legume dies, 
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the nitrogen is released from the plant into the soil and increases the concentration of nitrogen 
within the surrounding soil (Madigan et al. 2003). The fixation of atmospheric nitrogen by S. 
meliloti bacteria participating in symbiotic relationships involves only a narrow range of specific 
hosts, including its most preferred hosts Medicago sativa (alfalfa), Melilotus oficinalis, and 
Tirgonellafoenum-graecum (van Rhijn et al. 1995 and Stowers, 1985). 
S. meliloti's symbiotic relationship with alfalfa, in particular, has become significantly 
important to the agricultural industry. In the United States alone, twenty-three million acres are 
dedicated to alfalfa production, and alfalfa has become the third most highly valued crop within 
the United States (Putnam et al. 2001). The United States alfalfa industry grosses almost $8 
billion every year (Putnam et al. 2001 ), being prized as one of the most important agricultural 
cash crops within the country and throughout the world. Although the legume is primarily grown 
as a forage crop, producing dry hay for the dairy industry, alfalfa is also cultivated to decrease 
soil erosion, serve as a source of food for a variety of animals including several endangered 
species, and provide a natural source of nitrogen fertilizer (Putnam et al. 2001 ). Alfalfa is 
extremely versatile, being able to survive in a vast array of environments, ranging from dry, 
Mediterranean deserts to cold, high mountain regions. The ability of alfalfa to grow in such 
extreme, nutrient-depleted environments is facilitated by its ability to produce its own source of 
nitrogen through its symbiotic relationship with S. meliloti. 
The symbiotic relationship occurring between S. meliloti and alfalfa is crucial for the 
legume's survival amongst such a wide array of extreme environments. The ability of the 
bacteria to fix atmospheric nitrogen enhances the concentration of available nitrogen within the 
plants and allows these legumes to live in nitrogen-limited environments in which many plants 
outside the legume family fail to survive (Madigan et al. 2003). When soil has limited 
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concentrations of nitrogen, alfalfa ' s main source ofuseable nitrogen is ammonium (NH/), 
which is the product derived from S. meliloti's ability to fix atmospheric nitrogen (Stowers, 
1985). Although the mechanism by which ammonium passes from the bacteria into the plant 
cytosol remains largely controversial, two mechanisms for the passage of the ion through the 
peribacteriod membrane have been proposed. Ammonium may either participate in passive 
transport across the peribacteriod membrane or through an ion channel (Stowers, 1985). 
The partnership between S. meliloti and alfalfa illustrates a model symbiotic relationship, 
in which the plant receives viable sources of nitrogen in formerly nitrogen-depleted soil while 
the bacteria survive in a microaerophilic, energy rich, and controlled environment (Madigan eta!. 
2003). As it is important to understanding how alfalfa can survive over a wide range of 
environments, it is also important to understand how S. meliloti can successfully thrive in each of 
its own microenvironments. The four microenvironments inhabited by S. meliloti include the soil, 
the rhizosphere, the infection thread, and the nodule, as shown in Figure 1 below. By 
understanding which carbon sources are ideal for the proliferation of S. meliloti within each of its 
environments, agricultural industries would be able to improve their products, such as fertilizer, 
to enhance the ability of S. meliloti to infect and participate in successful nitrogen fixing 
symbiotic relationships with its host plant, alfalfa. 
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Figure 1 Environments S. meliloti inhabits 
The formation of symbiotic relationships between S. meliloti and flora of the legume 
family is host specific, depending on the type offlavonoids excreted by plant's roots into the 
rhizosphere containing the Sinorhizobium bacteria (Madigan et al. 2003). S. meliloti forms 
symbiotic relationships with its host plant through positive chemotaxis, in which the plant roots 
secrete amino acids, dicarboxylic acids and flavonoids into the rhizosphere to attract the 
surrounding Sinorhizobia bacteria (van Rhijn et al. 1995). The area surrounding the root hairs is 
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richer in essential nutrients than areas outside of the rhizosphere to attract the S. meliloti bacteria 
to infect and nodulate alfalfa root hairs. 
In particular, the secretion of flavonoids into the rhizosphere induces nod gene expression 
within rhizobia! cells (Long, 2001). It is believed that the molecular structures of various types of 
flavonoids secreted by legume species contribute to the host-specific symbiotic relationships 
shared by S. meliloti bacteria and the host plant (Madigan et al. 2003). The activation of nod 
gene expression causes the synthesis of lipooligosaccharide signals, or Nod factors, which serve 
to stimulate root receptiveness towards bacterial infection (van Rhijn et al. 1995). Thus, Nod 
gene expression initiates bacterial invasion into the root hairs of the host plant, occurring in six 
basic steps: (1) recognition and attachment of bacteria to specific-host root hairs, (2) activation 
of nod factors, (3) invagination and penetration of the root hair, (4) infection of the main root, (5) 
proliferation of bacteroids within plant cells, and ( 6) development of a nitrogen-fixing root 
nodule. It is only at the stage of the root nodule that the bacteria are capable of synthesizing 
nitrogenase and fixing atmospheric nitrogen (Madigan et al. 2003). A depiction of the biological 
mechanism for S. meliloti nodulation is shown in Figure 2 below: 
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Figure 2 Nodulation mechanism of host legume by S. meliloti 
Rhizobia-host specificity is believed to also arise from the host-specific nod genes (hsn) 
that are particular for each strain of rhizobia and the host plant's excreted flavonoids (van Rhijn 
et al. 1995). Collectively, there are two general types of nod genes: common nod genes and host-
specific nod genes (van &1.ijn et al. 1995). While the common nod genes are found in all 
rhizobia and facilitate the general pathway of nodulation, host-specific nod genes designate the 
range of host specificity. InS. meliloti, nodH and nodQ are particularly important for host-
specificity, encoding for the synthesis ofNod factors containing specific lipooligosaccharides 
that induce root hair deformation only within their narrow host range (van Rhijn et al. 1995).The 
expression of nod genes follows the reception of the flavonoid plant signal, which activates the 
transcriptional activator NodD found in the bacterium's cytosol. NodD binds to the upstream 
DNA enhancer region known as the nod box, which bends the DNA in such a way as to facilitate 
the binding of RNA polymerase to the promoter and induce the expression of the nod operon 
(van Rhijn et al. 1995). Nod genes have been found to be localized within the same chromosome 
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and symbiotic plasmids (pSymp) as the nifandjix nitrogen-fixing genes (van Rhijn et al. 1995), 
which may correlate to the ability of S meliloti to fix atmospheric nitrogen within only a narrow 
range of hosts. The activation ofNodD is induced only by a narrow range of root exuded 
flavonoids, and therefore, contributes to the narrow range of hosts that S meliloti nodulates. 
Overall, the determination of rhizobia-host species specific symbiosis relies on: ( 1) the energy 
rich carbon compounds exuded by legume roots to attract the rhizobia to enter the rhizosphere, (2) 
the flavonoids that activate NodD, (3) the expression of the nod operon, and (4) the syntheses of 
Nod factors that enable bacterial infection of the legume root hairs. 
While the symbiotic relationships formed between S meliloti bacteria and their host is 
species specific, the bacterium itself can survive on a wide variety of carbon sources provided by 
the plant within the root nodule, those that are excreted by alfalfa roots into the rhizosphere, and 
on lesser carbon sources found outside of the rhizosphere (Pinedo et al. 2007). Overall, S 
meliloti may exist in four distinct environments: (1) the soil, (2) the rhizosphere, (3) the infection 
thread, and ( 4) the root nodule, with each environment having differing variations on the type 
and quality of available carbon sources. The mechanism of carbon metabolism inS meliloti has 
become an important field of study in promoting the understanding of which environments are 
ideal to induce bacterial nodule formation and enhance S meliloti 's ability to fix atmospheric 
nitrogen while existing within the nodule, leading to overall increased soil nitrogen 
concentrations. Since nitrogen fixation is an energetically expensive process, it is essential that 
host plants, such as alfalfa, provideS meliloti with adequate sources of C4-dicarboxylates, which 
are the most preferred sources of carbon utilized by fast-growing rhizobia existing in root 
nodules (Poole et al. 2000). 
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Unlike slow-growing rhizobia that are capable of utilizing only a limited number of 
carbon sources, fast-growing S. meliloti bacteria are capable of metabolizing a multitude of 
carbon sources, including hexoses, pentoses, disaccharides, trisaccharides, and organic acids 
(Stowers, 1985). Because the availability of carbon sources varies amongst the differing 
environments, S. meliloti has adapted to successfully grow on both preferred and secondary 
carbon sources. When existing as free-living bacteria within the soil, the most common carbon 
sources available to S. meliloti are aromatic compounds such as anthranilate, protocatechuate, 
and hydroaromatic quinate (Stowers, 1985). However, S. meliloti has been observed to 
experience the most restricted growth when grown on these particular aromatic carbon sources 
(Stowers, 1985). The primary mechanism by which free-livingS. meliloti bacteria metabolize the 
majority of their carbohydrates is via the Entner-Doudoroff (ED) pathway and the pentose 
phosphate pathway (Stowers, 1985). 
S. meliloti become exposed to a wide variety of more energy efficient carbon sources 
following the formation of bacteriods within the roots of the host plant. The utilization of 
succinate, sucrose, glucose, a-trehalose, maltose, fructose, D-pinitol, and inositol have all been 
observed to induce successful bacterial growth within legume roots (Stowers, 1985). While 
mannitol is the most widely used carbon source for cultured bacteria, photosynthetically derived 
sucrose is the main carbon source for S. meliloti during nodule symbiosis (Willis et al. 1999, and 
de Drets et al. 1970). Organic acids have been observed to induce the highest rate of bacteroid 
development, and are aerobically metabolized via the citric acid cycle (Poole et al. 2000). While 
S. meliloti mutants containing dysfunctional citric acid enzymes, including succinate 
dehydrogenase (Gardiol et al. 1982, cited in Stowers, 1985) and a-ketoglutarate dehydrogenase 
(Duncan, 1979, cited in Stowers, 1985), are capable of legume root nodule formation, aerobic 
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metabolism of carbon and a completely functional citric acid cycle is necessary for nitrogen-
fixation to occur (Stowers, 1985). Since the citric acid cycle intermediates, such as succinate, 
contribute a major source of energy in aerobically respiring bacteroid rhizobia, nitrogen-fixation 
activities of S. meliloti are dependent on the aerobic metabolism of carbon sources (Stowers, 
1985). 
Rhizobia carbon transport systems are essential for nodule formation within legume roots 
and overall nitrogen-fixation activity (Stowers, 1985). 430 genes responsible for the production 
of ATP-binding cassette (ABC) transporters were found within the genome of S. meliloti (Finan 
et al. 2001, in Djordjevic, 2004). While 84 total proteins have been found to be associated with 
ABC-type transporters, only 13 such proteins were found to be translated within noduleS. 
meliloti, indicating that the production of proteins is highly sensitive to the nutrients present 
within the bacteria's environment (Djordjevic, 2004). Six ABC-type transporter proteins were 
responsible for the bacterial uptake of amino acids, while two others were associated with iron 
and phosphate uptake. With the majority of ABC-transporter proteins involved in the uptake of 
amino acids, it is possible that S. meliloti participates in amino acid exchange with its host 
legume in order to obtain the necessary amino acids required for nitrogen fixation (however this 
hypothesis is still under investigation) (Djordjevic, 2004). 
The transport of succinate, fumarate, and malate is dependent on the C4-dicarboxylic acid 
(Dct) transport system, while sucrose, maltose, and trehalose transport is dependent on a sugar-
specific periplasmic-binding-protein-dependent transport system (Willis et al. 1999). The 
transport of C4-dicarboxylic acids, including succinate, fumarate, and malate, in particular, has 
been shown to rely on the induced synthesis of a membrane-bound permease, DctA, when the 
cell is exposed to these carbon sources (Yarosh, 1989 and Ronson, 1985 cited in Bringhurst et al. 
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2002). Later studies confirmed that the transport of various dicarboxylic acids is largely 
dependent on the complete Dct transport system (Engelke, 1987, cited in Robinson eta!. 1993), 
and is important for the chemotactic responses of S. meliloti to succinate that is secreted by 
alfalfa root hairs into the rhizosphere to induce nodulation (Robinson eta!. 1993).0verall, three 
transport mechanisms have been observed inS. meliloti for the uptake of disaccharides across the 
symbiosome membrane: (1) one for the transportation of sucrose, maltose, and trehalose, (2) one 
for the transportation oflactose, and (3) one for the transportation of cellobiose (Willis eta!. 
1999). While the transportation of glucose and fructose in R. leguminosarum and B. japonicum 
bacteroids occurs through passive transport across the symbiosome membrane, the mechanism 
for glucose uptake inS. meliloti has yet to be discovered (Stowers, 1985). 
Since S. meliloti is capable of existing in two forms- as free-living bacteria or 
participating in a symbiotic relationship with its host legume- and in at least four distinct 
environments - the soil, rhizosphere, infection thread, and root nodule - it needs to be capable of 
metabolizing a variety of carbon sources to compete against a multitude of microorganisms to 
survive. Thus, three possible metabolic pathways have been investigated for carbohydrate 
metabolism and convergence into the aerobic TCA cycle inS. meliloti: the Entner-Doudoroff 
(ED) pathway, the pentose phosphate pathway, and the Embden-Meyerhof-Parnas (EMP) 
pathway (glycolysis). Research conducted on the synthesis of extracellular polysaccharides 
supported the hypothesis that hexose metabolism inS. meliloti occurs predominately via the 
Entner-Doudoroffpathway (Portais eta!. 1999). High levels of glucose-6-phosphate 
dehydrogenase during glucose and mannitol catabolism supported their degradation through the 
Entner-Doudoroffpathway (Portais eta!. 1999). In vitro experiments also show evidence for a 
functional pentose phosphate pathway inS. meliloti active during the production of 
11 
succinoglycans (Portais eta!. 1999). Pentose phosphate pathway enzymes were also shown to be 
expressed when cultured S. meliloti bacteria were grown on succinate and malate (Irigoyen eta!. 
1990). However, little evidence has been found to support the presence of a functional glycolitic 
mechanism within S. meliloti for the degradation of carbohydrates (Portais et al. 1999). Since S. 
meliloti lacks phosphofructokinase, the EMP pathway is most likely not used for carbon 
metabolism (McKay, et al. 1989). Portais et al. (1999) devised a hypothetical pathway pertaining 
to the catabolism of glucose and other carbon sources that become introduced into the ED 
pathway inS. meliloti, as shown below: 
Glucose Catabolism in S. meliloti 
glucose 
1 t 
feriplasm glucose 
1 
-------+ glucoruuc 
? t Cytoplasm 
glucose __ ._ ---+ gluconate 
Polysaccharides l 1 ~ 
( 
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pyruvate 
Fig. 6 Proposed schema for the carbohydrate metabolism of S. meliloti. 
Abbreviations: PP, pentose-phosphate pathway; ED Entncr-Doudoroff 
pathwny. (Portais et al. 1999) 
Figure 3 Hypothetical metabolic pathway of glucose catabolism inS. meliloti 
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Figure 3 demonstrates that the metabolism ofhexoses inS. meliloti occurs primarily 
through the Entner-Doudoroffpathway. Glucose and gluconate catabolism are believed to occur 
almost exclusively through the Entner-DoudoroffPathway, in which glucose is converted into 
glucose-6-phosphate (G-6-P) by glucokinase (Furher et al. 2004). Glucose-6-phosphate 
dehydrogenase converts G-6-P to 6-phosphogluconate (6-P gluconate) while simultaneously 
producing the electron donor NADPH+ which can be utilized to promote the continuation of 
future metabolic cycles (Arias et al. 1978). Glucose is believed to be finally committed to 
participate in the TCA cycle only when 6-P-gluconate is modified into 2-keto-3-deoxy-6-
phosphogluconate, which is then converted to the two three-carbon compounds pyruvate and 
glyceraldehyde-3-phosphate by KDGP aldolase. Glyceraldehyde-3-phosphate (G-3-P) is 
converted to pyruvate through glycolysis, generating a sum oftwo moles of pyruvate per ED 
pathway cycle (Stowers, 1985). 
The essential step in committing glucose to the Entner-Doudoroff pathway is the 
monosaccharide's modification into KDGP. Portais et al (1999) proposed two mechanisms for 
glucose utilization: (1) the biosynthesis of polysaccharides, or (2) conversion to gluconate. Upon 
glucose phosphorylation to G-6-P, glucose can either be converted into 6-P-gluconate and enter 
the Entner-Doudoroff pathway, or it can be utilized for the biosynthesis of polysaccharide 
subunits responsible for composing the bacterial cell wall. Only upon its conversion from 6-
phosphogluconate to KDGP does glucose become committed to the production of energy 
through the Entner-Doudoroffpathway and the eventual aerobic TCA cycle. When present as a 
direct carbon source, gluconate is introduced into the Entner-Doudoroffpathway upon its 
phosphorylation into 6-phosphogluconate (Stowers, 1985). 
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Figure 4 Carbon source metabolism and introduction into the Entner-Doudoroffpathway inS. 
meliloti 
While glucose and gluconate are not the only carbon sources available within each of the 
environments S. meliloti encounters, these carbon sources serve as dominant entrance points into 
the Entner-Doudoroff pathway for the catabolism of a variety of carbon sources. In many species 
of fast-growing rhizobia, the disaccharides cellobiose, trehalose and maltose contain two 
molecules of glucose and are hydrolyzed into glucose moieties by their respective enzymes, 
which can then be committed to further degradation through the Entner-DoudoroffPathway 
(Stowers, 1985). However, the sites of the disaccharides' introductions into the ED pathway 
remain unknown. Following the cleavage of the disaccharides upon their entrance into the cell, 
one or both glucose moieties may be introduced into the ED pathway as glucose, become 
phosphorylated and enter as glucose-6-phosphate, or become oxidized to 6-phosphogluconate. 
Photosynthetically-derived sucrose becomes highly available to S. meliloti when the 
bacteria are present within the root nodule of the host legume (Willis eta!. 1999). Sucrose 
metabolism is limited to fast growing rhizobia, such as S. meliloti, because the presence of 
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sucrose induces the synthesis of the invertase required for its modification into becoming D-
glucose in fast growing rhizobia (Stowers, 1985). Since slow-growing rhizobia lack invertases, 
sucrose cannot be modified into its fructose and glucose moieties and be used as energy sources 
within these organisms (Stowers, 1985). 
S. meliloti has acquired multiple metabolic pathways to reach the TCA cycle when 
metabolizing various carbon sources. Sucrose hydrolysis produces both glucose and fructose 
moieties (Arias eta!. 1978). While the glucose monosaccharide is quickly converted to G-6-P 
during carbon catabolism, the fructose metabolism occurs via a different route, converting the 
monosaccharide into fructose-6-phosphate (F-6-P). Phosphoglucose isomerase (PGI) converts F-
6-P into G-6-P which enters the Entner-Doudoroff Pathway to manufacture two moles of 
pyruvate to again engage in future TCA Cycle repetitions (Arias eta!. 1978). S. meliloti mutants 
that lacked functional PGI were severely affected in their ability to grow on fructose, mannitol, 
ribose, sorbitol, mannose, arabitol, and xylose (Arias eta!. 1978). Wild-type growth was not 
observed in the PGI mutants until TCA cycle intermediates were available as carbon sources 
(Arias eta!. 1978). Thus, the conversion of fructose to F-6-P by PGI serves as the threshold to 
the Entner-Doudoroffpathway and the metabolism ofboth components that contribute to the 
molecular structure of a variety of carbon sources available to S. meliloti within each of its 
different environments. 
Mutations within the enzymes responsible for fructose utilization can have severe 
consequences in the ability of S. meliloti to grow on carbon source compounds containing 
molecules other than glucose moieties. As shown by Arias eta!. (1978), a mutation in 
phosphoglucose isomerase impedes S. meliloti from growing on a variety of carbon sources but 
does not inhibit the bacterium' s ability to grow on molecules containing at least one mole of 
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glucose per molecule. In addition, accumulations of fructose-6-phosphate resulted in retarded 
rates of growth when the mutant was grown on a mixture of two carbon sources, with one carbon 
source needing fructose utilization, such as sucrose, and with one being degraded through an 
alternative pathway, such as glucose and the Entner-DoudoroffPathway. It was believed that 
increasingly high accumulations of unmodified fructose-6-phosphate inhibited growth on the 
alternative, permissive carbon sources because of the buildup of metabolic intermediates prior to 
the conversion ofF-6-P to G-6-P (Arias et al. 1978). It appears that a mutant containing 
dysfunctional enzymes involved in the metabolism of any carbon source could have severe 
consequences on the survival of S. meliloti even if alternative carbon sources are present. 
However, when carbon sources that are metabolized passed the blockage of a particular 
dysfunctional enzyme, such as phospho glucose isomerase, growth persists similar to that of the 
wild-type strain. When arabinose, pyruvate, succinate, and glucose were provided as sole carbon 
sources, the mutantS. meliloti grew at nearly the same rate as the wild-type (Arias et al. 1978). 
Since TCA cycle intermediates are provided to S. meliloti by its host legume during its 
inhabitance within the plant in the form of a bacteroid, the carbon sources such as succinate and 
malate- which might be the primary C4-dicarboxylic acids supplied by its host (Djordjevic, 
2004)- would allow for the successful proliferation and nitrogen fixation of S. meliloti. 
Growth in culture, the rhizosphere, and the establishment of the infection thread may be 
impacted if a mutantS. meliloti lacks a functional enzyme involved in either glucose or fructose 
metabolism. Since the expression of TCA cycle enzymes, such as fum erase and succinate 
dehydrogenase, were present only in nodule bacteria (Djordjevic, 2004), S. meliloti mutants with 
defective Entner-Doudoroff, pentose phosphate, and fructose utilization enzymes may be 
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severely impacted in their ability to survive in the environments lacking these more energy 
efficient carbon sources. 
Galactose metabolism occurs via another metabolic pathway, the De Ley-Doudoroff 
pathway, which eventually converges into the Entner-DoudoroffPathway (Arias and 
Cervenansky, 1986). The catabolism of lactose is a primary example of the galactose metabolic 
pathway. Once lactose enters the cytoplasm of S. meliloti, it is cleaved into glucose and galactose 
moieties. Again, glucose is directly phosphorylated into G-6-P and is committed to the Entner-
DoudoroffPathway. The galactose moiety, however, engages in the De Ley-DoudoroffPathway, 
in which galactose undergoes a series of modifications by enzymes including (1) galactokinase, 
(2) galactose dehydrogenase, (3) lactonase, ( 4) galactonate dehydratase, and (5) 2-keto-3-deoxy-
6-phosphogalactonate aldolase (Arias and Cervenansky, 1986). Upon its modification into 
glyceraldehyde-3-phosphate and pyruvate, galactose can finally cycle into the Entner-Doudoroff 
pathway, and participate in the TCA cycle to produce ATP. 
Regulation of the TCA cycle is dependent on the flux of its respective intermediates and 
the microaerophilic environment maintained by leghemoglobin (Poole and Allaway, 2000). 
Accumulation of carbon sources such as malate, succinate, oxaloacetate - which can be derived 
from aspartate - will decrease the rate of the TCA cycle, while a decrease in the abundance of 
these intermediates will increase the rate ofthe TCA cycle. Depletions ofNAD+/NADP+ will 
also cause the Entner-Doudoroff and TCA cycle to terminate. Since the TCA cycle is an aerobic 
form of respiration, it is necessary that leghemoglobin delivers the precise amount of oxygen to 
the respiring nodule bacteria to maintain the microaerobic conditions in order for successful 
nitrogen fixation to occur (and is why the production of leghemoglobin is upregulated only when 
S. meliloti exists within the nodule of the host plant's roots) (Madigan, 2003). 
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The C4-dicarboxylic acids, succinate, malate, aspartate, and glutamate can bypass the 
Entner-Doudoroffpathway and are introduced directly into the TCA cycle to produce energy for 
S. meliloti. Since C4-dicarboxylic acids provide a direct route to the TCA cycle, their utilization 
saves S. meliloti an immense amount of energy in the reduction of enzymes the bacteria normally 
produces for carbon utilization through the Entner-Doudoroffpathway. As a result, the energy 
expensive process of nitrogen fixation occurs only when C4-dicarboxylic acids are metabolized 
as carbon sources (Homez et al. 1994) - which are available to S. meliloti within the rhizosphere 
and the root nodule. Although hexoses, pentoses and polyols have been shown to be required for 
infection and the establishment of preliminary symbiotic mechanisms, their metabolism as sole 
carbon sources provides insufficient means for the bacteria to successfully fix atmospheric 
nitrogen (Homez et al. 1994 ). 
C4-dicarboxylic acids are the most energy-efficient and preferred carbon sources of S. 
meliloti (McKay et al. 1989, Bringhurst et al. 2002). Ucker and Signer (1978) observed that free-
livingS. meliloti will preferentially grow on succinate, utilizing this carbon source before 
metabolizing the alternative secondary carbon source, lactose, and other good carbon sources, 
including glucose, cellobiose, maltose, sucrose, arabinose, and mannose. As a result, the level of 
~-galactosidase activity for lactose metabolism was repressed by the presence of succinate within 
the bacterial cell. Homez et al. (1994) observed S. meliloti preferentially utilized succinate first 
when it was grown in the other sugars or polyols simultaneously. The only instance when S. 
meliloti did not preferentially and fully exhaust succinate first when grown in the presence of a 
different carbon source was when it was simultaneously exposed to glutamate, which is 
introduced farther down the metabolic pathway of the TCA cycle as a-ketoglutarate. Thus, it 
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appears that the presence of succinate within the bacterial cells exerts global control over the 
expression of operons responsible for the metabolism of many secondary sugars. 
The ability of S. meliloti to preferentially exhaust all sources of succinate, or any other 
primary carbon source, before utilizing a less energy efficient secondary carbon source is 
explained by catabolite repression. Catabolite repression occurs when bacteria, such as S. 
meliloti, exist in environments containing both primary and secondary carbon sources (Madigan 
eta!. 2003). Acting as a global control system, catabolite repression inhibits the expression of 
genes that encode for the synthesis of various enzymes that function to break down less-preferred 
carbon sources; only the genes respective to the preferred carbon source are expressed (Madigan 
eta!. 2003). 
The historic model for catabolite repression was established during studies conducted on 
the regulation of the lac operon in Esteria coli. Originally, catabolite repression was referred to 
as the "glucose effect" because glucose-mediated catabolite repression of the lac operon within E. 
coli was the first observation of this biological mechanism (Madigan eta!. 2003). In E. coli, 
catabolite repression of the lac operon is initiated by the presence of glucose within the bacterial 
cell. Without the presence of glucose, normal lactose metabolism is initiated by the expression of 
the lac operon. The transcription of the lac operon occurs only when the catabolite activator 
protein (CAP)-cyclic adenosine monophosphate (cAMP) complex is bound to the enhancer for 
the lac operon, located upstream from the lac operon. The binding of the CAP-cAMP complex to 
the upstream enhancer facilitates the binding of RNA polymerase to the lac promoter and 
upregulates lac operon transcription. However, high concentrations of glucose within the cell 
inhibit the synthesis of cAMP and upregulate cAMP's transport out of the cytoplasm of the cell 
(Madigan eta!. 2003). Without cAMP, CAP cannot bind to the upstream enhancer, RNA 
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polymerase cannot bind to the lac promoter, and the transcription of the lac operon is inhibited 
(Madigan et al. 2003). Although cAMP does not appear to be involved in the mechanism of 
catabolite repression inS. meliloti (Ucker and Signer, 1978), the presence of a preferred carbon 
source, such as succinate, inhibits the expression of the lac operon, resulting in the exclusion of 
lactose from the cell and the lack of enzymatic metabolism of lactose. 
When S. meliloti is simultaneously exposed to the two carbon sources succinate and 
lactose, the bacteria will preferentially utilize succinate first and downregulate the expression of 
the lac operon. (Ucker and Signer, 1978; Homez et al. 1994). Following the downregulation of 
the lac operon inS. meliloti, it is possible that the transporter responsible for lactose uptake is 
also downregulated, resulting in the inducer exclusion or expulsion of lactose (Bringhurst and 
Gage, 2002, in Pinedo et al. 2008). Bringhurst and Gage (2002) found that succinate was capable 
of inhibiting the metabolism of a variety of carbon sources including a- and ~-galactosides by 
preventing the transport and accumulation of the inducer specific for activating the operon 
responsible for the metabolism of that respective carbon source. By preferentially utilizing 
succinate as a carbon source, the S. meliloti experienced the fastest rate of absolute growth when 
compared to the majority of other carbon sources available to S. meliloti (Ucker and Signer, 
1978). 
The experiments conducted by Ucker and Signer (1978) and Bringhurst and Gage (2002) 
showed that diauxic growth was observed inS. meliloti when the bacteria were exposed to media 
containing mixed carbon sources that included succinate and a secondary carbon source. Diauxie 
is a distinct pattern of growth in which bacteria will preferentially and completely utilize the 
most energy efficient carbon source first when exposed to a variable number of different carbon 
sources simultaneously (Madigan et al. 2003). After the most preferred carbon source has been 
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completely exhausted, the bacteria will enter a lag period of growth before they begin to utilize a 
lesser energy efficient carbon source (Madigan eta!. 2003). S. meliloti 's preference of utilizing 
the most energy efficient carbon source first is macroscopically illustrated in diauxic growth of 
the bacteria when grown on mixed media containing both the primary and secondary carbon 
sources (Ucker and Signer 1978). As shown by Ucker and Signer (1978), S. meliloti will initially 
utilize succinate - the most preferred carbon source of S. meliloti - until this energy source is has 
been completely exhausted, and then continue to grow by using the less preferred energy source. 
As shown in figure 5, a preferred carbon source, such as succinate, will repress the 
utilization of a less preferred carbon source, such as lactose, when the bacterium is grown on 
both carbon sources simultaneously. The repression of the lac operon expression is visualized by 
the decreased synthesis of ~-galactosidase within the cell while the bacterium utilizes the 
preferred carbon source. As the preferred carbon source becomes exhausted, the lac operon 
becomes expressed, allowing for increased synthesis of ~-galactosidase increases, and lactose is 
utilized. 
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Diauxic Growth Occurring inS. meliloti 
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Figure 5 Diauxic growth inS. meliloti when grown on succinate and lactose simultaneously 
Succinate and other TCA cycle intermediates are preferred over Entner-Doudoroff 
pathway, pentose phosphate, and fructose metabolites because they provide a more energy-
efficient means for carbon metabolism and nitrogen fixation. Instead of needing to degrade 
carbon sources such as glucose, sucrose, maltose, and fructose with a series of catabolic enzymes 
into pyruvate to finally be committed to the TCA cycle, the presence of succinate and other TCA 
cycle intermediates allows for the immediate entrance into the TCA cycle and aerobic respiration 
(Poole and Allaway, 2000). Thus, S. meliloti wastes less energy in the degradation of carbon 
sources by utilizing TCA cycle intermediates first, allowing for the fixation of more nitrogen to 
occur within the nodule of the host legume. 
While succinate-mediated catabolite repression has been the target subject for 
understanding the biological characteristics of S. meliloti and the bacteria's ability to participate 
in symbiotic relationships, the biological machinery for glucose-mediated catabolite repression 
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remains largely unknown. Although succinate has been shown to inhibit glucose metabolism 
(Homez et al. 1994, cited in Pinedo et al. 2008), glucose has been shown to inhibit the 
metabolism of the polyols mannitol and ribitol, fructose in R. trifolii (Ronson et al. 1979), and 
lactose inS. meliloti (Jelesko and Leigh, 1994). High concentrations of glucose within rhizobia 
bacteriods also promote aerobic respiration, resulting in a more successful symbiotic relationship 
and an increased ability to fix atmospheric nitrogen (Stowers, 1985). Unlike the TCA Cycle 
intermediate succinate, the primary mechanism of glucose metabolism occurs through the 
Entner-Doudoroff pathway (Portais et al. 1999). Since glucose has been shown to be a preferred 
carbon source over lactose for S. meliloti (Jelesko and Leigh, 1994), and the mechanism of 
glucose-mediated catabolite repression remains largely unknown, its study is important for 
understanding the capabilities of S. meliloti to exist in its four distinct environments. 
The studies conducted by Jelesko and Leigh (1994) not only illustrated succinate-
mediated catabolite repression of lactose metabolism inS. meliloti, but introduced the possibility 
of glucose-mediated catabolite repression of lactose utilization when S. meliloti were grown on 
glucose plus lactose mixed media. In E. coli, glucose is transported into the cell by the glucose 
phosphotransferase system (PTS) (Pinedo et al. 2007), and is phosphorylated by EllA Gtc (Pinedo 
et al. 2007). However, the genome of S. meliloti lacks genes that encode for some of the proteins 
necessary for a complete PTS system for the transportation of carbon sources (Pinedo et al. 
2008). Although passive transport of disaccharides has been shown to occur in R. japonicum and 
leguminosarum bacteroids, a definitive transport mechanism for glucose uptake inS. meliloti 
remains unknown (Stowers, 1985). 
Diauxic growth, when grown on mixed media containing both the preferred carbon 
source, such as glucose, and a secondary carbon source, such as lactose, may not be caused 
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solely by glucose-meditated catabolite repression. Inducer exclusion of lactose inS. meliloti 
could also contribute to the organism's diauxie pattern of growth. Bringhurst and Gage (2002) 
observed that succinate-mediated catabolite repression also works by inducer exclusion. It is 
possible that glucose-mediated repression could occur along the same patterns as succinate-
mediated repression, in which the presence of glucose and the lack of a secondary carbon source, 
such as lactose, may directly enforce the binding of a repressor gene product, such as lacl in E. 
coli, to the operator directly upstream from the lac operon, repressing the genes responsible for 
the carbon metabolism of the lactose carbon source (Bringhurst eta!. 2002). Jelesko and Leigh 
( 1994) identified the lacR gene responsible for the synthesis of a repressor. The LacR repressor 
protein is believed to behave similar to that of Lacl in E. coli, remaining bound to the operator 
when lactose is unavailable and therefore preventing the expression of the lac operon. 
This study serves to promote a further understanding of the biological machinery for the 
global control system of catabolite repression of secondary carbon sources initiated by the 
presence of glucose within the cell. Although the formation of glucose-6-phosphate is known to 
be required for glucose to exhibit catabolite repression on polyols in Rhizobium trifolii (Ronson 
et a!. 1979), little is known regarding the machinery necessary to induce metabolic repression of 
less energy efficient carbon sources inS. meliloti. An understanding of this biological control 
system will provide insight as to how S. meliloti is capable of surviving in a multitude of distinct 
environments and participate in symbiosis with alfalfa by using the most energy efficient carbon 
sources. 
The symbiotic relationship between S. meliloti and alfalfa is also critical to the 
agricultural industry. Alfalfa root systems nodulated by S. meliloti proficiently grow in soils 
significantly deficient in nitrogen, areas that flora outside of the Rhizobium-nodulating legume 
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family are incapable of inhabiting. Upon the establishment of a successful symbiotic relationship 
with S. meliloti, alfalfa is capable of generating its own sources of nitrogen, producing a self-
sustaining source of nitrogenous fertilizer. The findings ofthis study will provide insight to the 
significance of glucose metabolism during the S. meliloti bacterial nodulation of alfalfa roots and 
which environments will potentially maximize the formation of S. meliloti root nodules. 
Primarily, the study attempted to determine the biological machinery necessary for glucose-
mediated catabolite repression to occur and how much glucose must be metabolically modified 
to exert catabolite repression. 
In order to better understand the biological machinery involved in the global control 
regulation of glucose-mediated catabolite repression inS. meliloti, various mutants were 
generated and screened for the exhibition of normal lactose catabolism when grown on glucose 
plus lactose containing media. Dr. Wacks of the University of Redlands generated S. meliloti 
mutants by randomly inserting Tn5 transposons containing neomycin resistance into the genome 
ofthe wild-type R.m.1021 strain. The mutants that appeared to over-express ~-galactosidase in 
the presence of glucose- based on the appearance of dark blue colonies from the hydrolysis of 
5-bromo-4-chloro-3-indolyl-~-D-galactopyranoside (X-Gal)- may contain defective machinery 
necessary for glucose-mediated catabolite repression. 
The previous work that has already been conducted on wild-type Rm1021 strains, which 
were subjected to Tn5 mutagenesis and subsequent X-Gal screening, generated twenty-two 
interesting mutants that were chosen to be studied because their dark blue coloration indicated 
the highest levels ofX-Gal hydrolysis and overall ~-galactosidase activity. The blue coloration of 
the colonies is the direct result of the product formed from the cleaving ofX-Gal by~­
galactosidase. It was hypothesized that the darker blue the colonies appeared to be, the more 
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functional p-galactosidase there would be present within the cell. The presence of P-
galactosidase within the cell indicates the expression of the lac operon. If the lac operon is 
expressed when the mutantS. meliloti bacteria were grown on the mixed media containing 
glucose plus lactose, glucose appears to be unable to exert catabolite repression on the lac operon. 
If glucose cannot exert catabolite repression on the lac operon, the Tn5 mutagenesis successfully 
knocked out a gene responsible for the synthesis of biological machinery required for glucose-
mediated catabolite machinery. 
The dark blue coloration of the twenty-two mutant colonies indicates the presence of P-
galactosidase and their ability to utilize the secondary carbon source, lactose, while in the 
presence of a primary carbon source, glucose. Within these particular strains, Tn5 mutagenesis 
was believed to have potentially knocked out the biological machinery that glucose normally 
utilizes to induce catabolite repression. These mutants were assayed for the over-expression of P-
galactosidase activity when grown on glucose-containing media to determine if glucose-
mediated catabolite repression of lactose was actually repressed. 
Quantitative analysis of p-galactosidase activity assays revealed that random Tn5 
mutagenesis of the wild-type strain, S.m. 1021, failed to knockout genes associated with glucose-
mediated catabolite repression. However, prior to the conduction of the P-galactosidase assays, 
mutants S.m.307620, 207119, and 20749 were hypothesized to be glucose minus mutants since 
they were unable to utilize glucose in previous studies. Since the three hypothesized glucose 
minus mutants were still able to exert glucose-mediated catabolite repression of the lac operon 
when they were previously observed to be incapable of utilizing glucose, these mutants were 
used to further study the biological pathway of glucose-mediated catabolite repression inS. 
meliloti. Although mutant 107219 was not observed to be a glucose minus mutant, it behaved in 
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a similar fashion to mutant 307620 and was also used during this study. Since these mutants 
were defective for glucose metabolism, it is possible that glucose or glucose derivatives 
accumulated within the cell and continued to impart glucose-mediated catabolite repression. The 
possibility of this glucose or glucose-like accumulation within the cell can be used to determine 
how far glucose must be metabolically modified to exert catabolite repression on less preferred 
carbon sources. 
To analyze which carbon sources mutants S.m.307620, 207119,20749, and 107219 can 
utilize, these mutants were grown on glucose, cellobiose, maltose, trehalose, gluconate, pyruvate, 
and lactate. If a mutant is incapable of growing on a specific carbon source, this may mark the 
site of the defective enzyme responsible for the metabolism of that carbon source and the site at 
which glucose-metabolism must proceed to initiate glucose-mediated catabolite repression. By 
using carbon sources containing only glucose moieties, this serves to determine if the mutations 
occurring in the mutants are present in the Entner-Doudoroff pathway. Although pyruvate and 
lactate are not themselves modified by the Entner-Doudoroffpathway and are introduced into the 
metabolic pathway following the Entner-Doudoroffpathway, a mutation in the metabolism of 
each of these carbon sources is important in mapping the pathway in which glucose-mediated 
catabolite repression occurs. However, if all the mutants are capable of growing on all the listed 
carbon sources, it is possible that each respective mutation is occurring outside of the Entner-
Doudoroffpathway, and possibly represents an alternative pathway for glucose utilization that 
allows glucose-mediated catabolite repression to continue during the defective metabolism of 
glucose. 
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Materials and Methods: 
Generation and Selection of Mutants: 
Twenty-twoS. meliloti mutants were generated from Tn5 mutagenesis of the wild-type 
strain R.m.1 021. The mutants were plated on LB media (g/L Bacto tryptone, 5 g/L Bacto yeast 
extract, and 10 g/L NaCl) (Miller, 1972) containing X-Gal and lactose or lactose plus glucose. 
Colonies were screened based on the exhibition of a blue phenotype. 
These mutants were also grown in YB liquid media (0.5g K2HP04, 0.2 g MgS04 · 7H20, 
0.1 g NaCl, 0.5 g yeast extract, 960 mL distilled water, and 20 mL of 10% lactose plus 20 mL 
H20, or 20 mL ofboth 10% glucose and 10% lactose) (Somasegaran and Hoben, 1994). To 
isolate the cells from the media, the resulting cells were centrifuged. The supernatant was 
removed from the pellet, and the pellet was stored at -70°C for future use. 
(The mutagenesis, plating, screening, isolation, and storage of the twenty two interesting mutants was previously 
conducted by Dr. Wacks at the University of Redlands.) 
P-Galactosidase Assays 
Pellets of the mutantS. meliloti cells were resuspended in 2.0 mL Z buffer (0.80g 
Na2HP04.7H20 (0.06M), 0.28g NaH2P04.H20 (0.04M), 0.5 mL 1M KCl (O.OIM), 0.05 mL 1M 
MgS04 (0.001M), and 0.135 mL p -mercaptoethanol (BME) (0.05M) per 50 mL of solution 
(Miller, 1972)). The solution was vortexed for ten seconds. To lyse the cells, three 0.5 mL 
aliquots of each cell sample were treated with 0.5 mL of Z buffer, two drops of chloroform, and 
1 drop of 0.1% SDS. Each cell solution was vortexed for ten seconds. 0.2 mL of ortho-
nitrophenyl-P-galactosidase (ONPG) was added to begin the assay, and 0.5 mL ofNa2C03 was 
used to stop the assay. The reactions were allowed to run until the solution turned yellow or until 
1 'ii hours had passed. The assays were conducted in a 28°C water bath. 
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Samples of unbroken cells were generated by diluting the remaining 0.5 mL of the cell 
solution with 1.0 mL deionized water. Optical densities for the unbroken cells were taken at 420 
nm, 550 nm, and 600 nm to determine the amount of light scattering from the bacterial cell itself 
that was present in solution. The ratio of 420 nm/550 nm was used to calculate the coefficient of 
light scattering used in the Miller equation shown below. The OD's for broken cells were taken 
at 420 nm and 550 nm. In addition, the OD6oo from the unbroken cells and the OD42o and OD550 
from the lysed cells were used in the equation for determining units of ~-galactosidase activity: 
1000 x [{OD42o- (Light Scattering x OD55o)}/{Time x Volume x OD6oo}] 
(~-Galactosidase enzyme assay derived from Miller, 1972) 
Generation of Carbon Source Solutions 
10% carbon source stock solutions were generated by dissolving 1.0 g of maltose, 
gluconate, pyruvate, or lactate in 8.0 mL of deionized H20. 5% trehalose and cellobiose 
solutions were generated by dissolving 0.5 g of each respective carbon source in 8.0 mL 
deionized H20. All solutions were brought to 10 mL and filter sterilized. 
Growth of Glucose Minus Mutants and S.m.107219 on Y Media Plates Containing 
Different Carbon Sources 
Mutants 307620,207119,20749, and 107219 and wild-type strain 1021 were grown on 
YB media containing 0.2% of glucose, cellobiose, gluconate, trehalose, maltose, pyruvate, or 
lactate. Each plate was generated by combining 48 mL ofY medium (0.5g K2HP04, 0.2g MgS04, 
0.1g NaCl, 0.5g Yeast extract per 960 mL solution), 1.5% of agar, 1.00 mL deionized water and 
either 1.0 mL of the 10% maltose, glucose, gluconate, pyravate, or lactate solutions or 2.0 mL of 
the 5% trehalose or cellobiose solutions. (The Y medium solution was autoclaved before the 
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addition of the carbon source and deionized water.) The plates were allowed to harden for 24 hrs. 
prior to streaking. Plates streaked with bacteria were incubated at 30°C for several days. Growth 
was recorded for each of these carbon sources based on the formation of mutantS. meliloti 
colonies compared to the growth of the wild-type strain, 1021 . 
Growth of Glucose Minus Mutants and S.m.107219 on M9 Media Plates Containing 
Different Carbon Sources 
Mutants 307620, 20749,207119, and 107219 and the wild-type strain 1021 were grown 
on plates containing M9 medium and 0.2% of either cellobiose, gluconate, glucose, lactate, 
maltose, pyruvate, or trehalose. M9 medium plates contained 1 ~-tg/mL Biotin, 0.025 mM Ca, 1.0 
mM Mg, and 5 ng/ml CoCb, 23.0 mL deionized water, and 0.75 g agar, 6.0 g Na2HP04, 3.0 g 
KH2P04, 0.5 g NaCl, and 1.0 g NH4Cl, and 0.2% of the respective carbon source per 1.0 L of the 
M9 medium solution (Miller, 1972). The plates were allowed to harden for 24 hours prior to 
streaking. Mutants were incubated at 30°C for 7-10 days. Growth was recorded for each of these 
carbon sources based on the formation of mutant S. meliloti colonies compared to the growth of 
the wild-type strain, 1021. 
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Results: 
B-Galactosidase assays were conducted to determine whether any of the S. meliloti 
mutants previously generated was defective in exhibiting glucose-mediated catabolite repression. 
Optical densities for both broken and unbroken cells were taken at 420 nm, 550 nm, and 600 nm 
to exclude the amount of light scattering and determine the actual ~-galactosidase activity 
present in each solution. The OD6oo represented the amount of light scattering present in each 
solution due the deflection of light caused by the bacteria itself. The OD55o spectrum contained 
the reflected light due to the light scattering caused by the bacterial cell. The OD42o represented 
the light spectrum of both the conversion of ONPG to the yellow ortho-nitrophenol (ONP) by ~­
galactosidase and the interference of light scattering. The ratio of OD420/0D550 was used to 
generate a coefficient of light scattering for each of sample of broken cells. The coefficient of 
light scattering respective to each sample was used to subtract the total amount of light scattering 
due the deflection of light by the bacterial cell and determine the total ~-galactosidase activity 
present in each sample. (See Materials and Methods for the Miller equation used to determine the 
units of ~-galactosidase activity.) 
Mutants that were still capable of exerting glucose-mediated catabolite repression would 
exhibit at least a 3-fold decrease in ~-galactosidase activity when grown on glucose plus lactose 
compared to the same mutant grown on lactose as a sole carbon source. Interesting mutants 
would not be able to engage in glucose-mediated catabolite repression, and the amount of~­
galactosidase activity present in mutants grown on glucose plus lactose would be similar to the 
amount of ~-galactosidase when the same mutant was grown on lactose as a sole carbon source. 
Table 1 compares the levels of ~-galactosidase activity present within S. meliloti mutants when 
the mutants were grown on media containing lactose or glucose plus lactose. Unfortunately, all 
31 
22 mutants grown on glucose plus lactose had at least a 3-fold decrease in ~-galactosidase 
activity when compared to the same mutant grown on lactose as a sole carbon source, as shown 
in Table 1. All 22 mutants continued to exert glucose-mediated catabolite repression of lactose 
utilization. 
Table 1 ~-Galactosidase activity observed in S.m.1 021 strains 
Average B- Average B-Galactosidase 
S. meliloti Galactosidase Standard Activity when Standard Activity Strain Deviation Grown on Deviation 
when Grown Glucose+ 
on Lactose Lactose 
107219 26 +/- 3.8 0 +/- 11 
107315 19 +/- 14 4.1 +/- 0.41 
107311 16 +/- 8.3 5.2 +/- 1.8 
10737 5.6r +/- 10 1.3T +/- 3.7 
10747 32r +/- 10 6.or +/- 7.7 
10310 16T +/- 19 2.1 T +/- 2.0 
107217 35 +/- 2.3 3.6 +/- 3.1 
10722 42 +/- 5.0 3.8 +/- 1.5 
107314 18 +/- 1.5 3.0 +/- 1.2 
107419 23 +/- 10 4.8 +/- 4.9 
10724 38 +/- 3.3 4.4 +/- 2.1 
107417 26 +/- 30 6.8 +/- 18 
107319 28 +/- 4.8 8.3 +/- 4.8 
10727 11 +/- 6.7 2.5 +/- 0.44 
10748 12 +/- 5.3 1.8 +/- 0.82 
107316 14 +/- 11 0.9 +/- 1.1 
10746 19 +/- 20 0 +/- 4.2 
107317 20 +/- 2.3 3.5 +/- 3.6 
107222 17 +/- 17 4.7 +/- 11 
307620. 13 +/- 1.2 3.5 +/- 11 
207119 16 +/- 3.4 1.3 +/- 1.3 
20749 19 +/- 1.2 5.1 +/- 6.4 
.. No mutants showed the Joss of glucose-mediated catabolite repression on lactose utihzatton. (*) Some 
mutants were glucose minus mutants, however, and were not able to successfully utilize lactose when glucose was 
present as a sole carbon source. S.m.307620, 207119, 20749, and 107219 were further investigated during this study. 
(t) indicates that the OD600 from the broken cells instead ofthe unbroken cells was used to determining the units of 
p-galactosidase activity. 
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A mishap did occur during the ~-galactosidase activity assays which may have altered the 
actual amount of ~-galactosidase activities in the specific mutants. For mutants 1 073 7, 1 07 4 7, 
and 10310 - denoted with the symbol ( t) - the presence of an organic substance - most likely 
CHCh- within the solution of unbroken cells caused the plastic cuvettes to crystallize, making a 
reading of the light scattering present within this solution impossible. The light scattering 
coefficients for this set of bacteria were generated by taking the average light scattering of the 
broken cells (OD420/0D550) and at OD6oo. However, the OD6oo of the broken cells is not the same 
as the light scattering produced by the original, unbroken cells. Therefore, the generated readings 
of the units of ~-galactosidase activity for these three mutants may not be the actual units of~­
galactosidase activity that is present with each mutant. However, the spectra obtained for OD420, 
OD550 and the OD600 for the broken cells were consistent with the values taken for the other 
mutants, and an average OD420/0D500 was calculated and used as the coefficient of light 
scattering for the mutants during this experiment. The resulting ~-galactosidase activities for 
these mutants should be similar to their actual values of ~-galactosidase activity. 
Nonetheless, three mutants, 307620, 20749, and 207119, that were previously identified 
by Dr. Wacks to be glucose minus mutants also showed a drastic decline in ~-galactosidase 
activity when grown on glucose plus lactose. Mutant 107219 was also previously observed to 
behave like 307620, but contained low levels of ~-galactosidase activity when grown on the 
mixed media. Since these mutants should be defective in glucose utilization, they were used for 
the following studies to determine how far glucose must proceed through the metabolic pathway 
of S. meliloti to exert catabolite repression of lactose metabolism. 
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T bl 2G a e rowt h f 0 mutants on y b me 1a pJ ates contammg varwus car on sources 
MutantS. meliloti Glucose Gluconate Cellobiose Maltose Trehalose Pyruvate Lactate 
1021 + + + + + + + 
307620 + + +" +" +" + + -
207119 + + + + + + + 
20749 + + + + + + + 
107219 + + + + + + + 
.. . Each mutant was grown on the carbon sources hsted to determme whether or not they were capable ofutJhzmg these 
as sole sources of energy for 7-10 days at 30°C. Each plate contained Y media and 0.2% of glucose, gluconate, 
cellobiose, trehalose, maltose, pyruvate or lactate as sole carbon sources. The amount of growth seen for each 
mutant on each plate was compared to the growth corresponding to the wild-type control, strain 1021. (+)indicates 
mutant colony growth similar to that ofthe wild-type.(-) indicates no growth. (-l indicates no growth but 
contained the formation of revertants.(+") indicates that growth was greatly reduced when compared to the wild-
type. 
Table 2 compares the abilities of mutants 307620,20749,207119, and 107219 to grow 
on Y media containing the glucose, gluconate, cellobiose, maltose, trehalose, pyruvate, or lactate. 
As shown in Figure 6, mutants 20749, 207119, and 107219 were able to grow on all carbon 
sources to the same degree as the wild-type, which put into question whether they were actually 
glucose minus mutants. Mutant 307620, however, was incapable of growing on glucose, which is 
consistent with its hypothesized glucose minus identity, and had reduced growth on the 
disaccharides cellobiose, maltose, and trehalose. While 307620 exhibited no growth when plated 
on glucose, small revertant colonies formed after several days of incubation. These revertant 
colonies appeared only in the regions where the bacteria were in high concentrations, which 
resulted from the first and second streaks made on the plate. 
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Figure 6 Growth of mutants on Y media plates containing various carbon sources 
Plates contained Y media and 0.2% of the respective carbon source and were partitioned into three separate zones. 
Each plate contained two mutants and strain 1021 . Wild-type strain 1021 served as the control for each plate. The 
mutant and wild-type bacteria were streaked onto their respective zone and incubated at 30°C for 7-10 days. Mutants 
20749, 207119, and 107219 were capable of growing on all carbon sources. Mutant 307620, however, failed to grow 
on glucose and showed reduced growth on the disaccharides cellobiose, trehalose, and maltose when compared to 
the wild-type. 
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The ability of20749, 207119, and 107219 to grow on all carbon sources (Figure 6) may 
have been the result of their ability to successfully utilize each respective carbon source or 
because of the Y media itself. Y media may contain additional nutrients that facilitate bacterial 
growth and bypass the possible defective metabolic machinery necessary for the catabolism for 
that respective carbon source. To concretely determine whether or not the behavior of each 
mutant observed during their growth on Y media was a factual representation of their metabolic 
abilities, mutants 20749, 207119, and 107219, and the wild-typeS. meliloti strain were grown on 
M9 media containing glucose, gluconate, cellobiose, trehalose, maltose, pyruvate, or lactate. 
Table 3 Observed growth of S. meliloti glucose minus mutants on M9 media containing various 
carbon sources (Round 1) 
S. meliloti Glucose Gluconate Cellobiose Trehalose Maltose Pyruvate Lactate 
Strain 
1021 - + + + + + + 
307620 + + + + + -- - - - -
- · + + + 20749 - - - - - - -
207119 - +- + - +- +- +- + -
107219 - + + + + + + 
.. All fourS. mehlotz mutants and the wild-type stram 1021 were grown on M9 medta contammg 0.2% of glucose, 
gluconate, cellobiose, trehalose, maltose, pyruvate, or lactate 7-10 days at 30°C. (-)indicates no bacterial growth 
while(+) denotes the presence of bacterial growth on the respective carbon source.(- +) indicates that while no 
initial growth of the bacteria was observed, small revertant colonies may have formed. 
--
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Figure 7 Growth of glucose minus mutants on M9 media containing the various carbon sources 
(Round 1) 
The plates contained M9 media with 0.2% of the respective carbon source. Plates were partitioned into three 
separate zones. Each plate contains the wild-type strain (1 021 ), and two other mutants, streaked onto their respective 
zones. Neither the mutants nor the wild-type strain were able to grow on glucose. Growth on the other carbon 
sources was variable amongst the mutants. Bacteria were incubated at 30°C for 7-10 days. 
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As shown in Table 3 and Figure 7, no mutants were able to grow on glucose. However, 
the wild-type also failed to grow on glucose, indicating that some error may have been made 
during the generation of the glucose-containing media. Mutant 307620 failed to grow on all 
carbon sources accept pyruvate and lactate. Unlike its growth on Y media, mutant 20749 failed 
to grow on all M9 carbon sources. Mutant 107219 behaved similarly to the wild-type for all 
carbon sources. While mutant 207119 was able to grow on all carbon sources except glucose, its 
growth on gluconate, maltose, cellobiose, trehalose, pyruvate, and lactate occurred at decelerated 
rates when compared to the wild-type and 107219. Colony populations of207119 were less 
dense than 107219 and the wild-type, but were still present on all carbon sources except glucose. 
Although 307620 and 20749 could not grow on most or all carbon sources, respectively, both 
mutants appeared to form revertant colonies on maltose, trehalose, and gluconate. The formation 
of revertant colonies appeared to occur in areas where the bacteria were most heavily 
concentrated during the streaking process. 
During the first round of M9 plates, the biotin added to the media was somewhat aged. It 
is possible that this aged biotin contained degraded nutrients that are required to supplement S. 
meliloti growth in culture. To confirm the results seen when the mutants were grown on the M9 
media, a second round of M9 plates containing a new source of biotin were generated. 
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Table 4 Observed growth of S. meliloti mutants when grown on M9 media containing the 
various carbons sources (Round 2) 
S. meliloti Glucose Gluconate Cellobiose Trehalose Maltose Pyruvate Lactate 
Mutants 
1021 + - + + + + + 
306720 - - - - - + + 
20749 - - - - - - -
207119 +- - + - +- +- + - +-
107219 ++ - ++ ++ ++ + + 
Plates were generated usmg M9 medmm contaming 0.2% of glucose, gluconate, cellobiose, trehalose, maltose, 
pyruvate, or lactate. Growth of each S. meliloti mutant and the wild-type were recorded after 7-10 days incubation at 
30°C. (+)indicates growth.(-) indicates no growth. (++) indicates that the mutant was able to grow at a faster rate 
than the wild-type. ( +-) indicates that the mutant grew at a reduced rate compared to the wild-type. 
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Figure 8 Growth of S. meliloti mutants on M9 media containing the various carbon sources 
(Round 2) 
Plates were generated using M9 medium and 0.2% of the various carbon sources. The biotin for this round ofM9 
plates was autoclaved before it was added to the medium. Growth of all S meliloti mutants and the wild-type was 
occurred at a reduced rate when compared to the 1 '1 round of M9 plates and theY media plates. Neither the wild-
type nor any mutant was able to grow on gluconate. Variable rates of growth amongst the mutants were observed for 
the rest of the carbon sources. 
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Overall, the results gathered from the second round ofM9 plates (Table 4 and Figure 8) 
were comparable to the growth patterns of the mutants observed during the initial M9 plating. 
During this second round, the wild-type and mutants 107219 and 207119 could grow on glucose, 
while mutants 307620 and 20749 remained incapable of growing on gluconate. However, neither 
the wild-type nor the mutants were able to grow on gluconate, which indicates that something 
may have been wrong with the media itself. Both mutants 107219 and 207119 were again able to 
grow on all carbon sources (except gluconate ). When mutant 107219 was grown on glucose, 
cellobiose, trehalose, and maltose, it appeared to have a faster rate of growth when compared to 
the wild-type. Mutant 207119, however, had a reduced rate of growth when compared to the 
wild-type, which also occurred during the first round ofM9-plates. 
Both mutants 307620 and 20749 were unable to grow on glucose, gluconate, cellobiose, 
trehalose, and maltose. While mutant 307620 was able to grow on pyruvate and lactate, 20749 
was incapable of growing on these carbon sources, which are both consistent results when 
compared to the first round ofM9 plates. Since nearly all the data obtained from the two rounds 
ofM9 plates were consistent- with the exception of the faulty glucose in the first round and 
faulty gluconate in the second round- the results obtained from the two rounds of M9 plates can 
be assumed to be somewhat accurate representations of the metabolic abilities of all the mutants. 
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Discussion: 
~-Galactosidase assays revealed that all S. meliloti mutants were able to exert glucose-
mediated catabolite repression on lactose utilization when grown on media containing both 
glucose and lactose. The units of ~-galactosidase activity for each mutant that was grown in the 
mixed media containing both glucose and lactose showed at least 3-fold reductions when 
compared to their respective mutant grown on lactose as a sole carbon source. The significant 
reductions in units of ~-galactosidase activity in mutants grown on glucose plus lactose indicate 
that the presence of glucose within the cell inhibited the transcription and expression of the lac 
operon. Although it is not fully understood how glucose initiates catabolite repression of the lac 
operon, it has been shown that the presence of glucose within the bacterial cell will initiate a 
downregulation of the lac operon. A downregulation of the lac operon by the presence of glucose 
results in decreased ~-galactosidase, as was observed for all twenty-two S. meliloti mutants 
during the ~-galactosidase activity assays. 
However, the three glucose minus mutants, 307620, 20749, and 207119, a.11d the mutant 
that behaved similarly to 307620, mutant 107219, that were identified prior to this experiment 
continued to exert catabolite repression as well. Although 307620,20749, and 207119 were 
observed to be unable to utilize glucose as a sole carbon source, the ~-galactosidase assays 
revealed that little, or no, functional ~-galactosidase, indicating the repression of the lac operon. 
While the three glucose minus mutants failed to utilize glucose as a sole carbon source, the 
ability for glucose uptake remained intact following Tn5 mutagenesis of the S. meliloti strain 
1021. Since all four mutants had decreased ~-galactosidase activities when grown on both 
glucose and lactose, it is apparent that all S. meliloti bacteria were able to take up glucose, which 
then initiated catabolite repression of the lac operon. It is possible that the random Tn5 
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( mutagenesis knocked out the gene responsible for the production of an enzyme specific to 
catabolism of glucose through the ED pathway. Since glucose uptake was not impeded, the 
initial presence of glucose or the immediate phosphorylation of glucose following its entrance 
into the cell may be as far as glucose needs to be processed before it can exert catabolite 
repression oflac operon. Thus, the three hypothesized glucose minus mutants, 307620, 20749, 
and 207119, and mutant 107219 were used to determine how far glucose must be processed in 
order to exert catabolite repression. 
The ability of mutants 20749,207119, and 107219 to grow on allY media carbon 
sources, including glucose, initially implied that these mutants are not glucose minus mutants. 
However, Y media contains complex B-vitamins (Becton, Dickenson, and Company) that may 
serve as additional nutrients to the bacteria that facilitate growth even when the organism is 
cultured on a carbon source it cannot normally catabolize. This hypothesis is additionally 
supported by mutant 307620's ability to form revertants when grown on Y medium containing 
glucose. Initially, the bacterial colony growth was repressed, but after several days of incubation, 
revertants had formed. 307620 may have been able to form revertants because of the dietary 
supplements provided by the Y media. The complex B-vitamins may supply a sufficient source 
of energy that is utilized by the bacteria through a pathway that bypasses the ED pathway. 
Adrianna Gonzalez (2009) observed that 20749,207119, and 107219 were able to grow on Y 
media containing fructose, sucrose, lactose, galactose, or succinate as sole carbon sources. Thus, 
it is possible that Y media supported bacterial growth when the mutant's biological machinery 
would normally inhibit such growth on the respective media. To determine whether or not the S. 
meliloti mutants could actually grow on glucose and its derivatives involved in the ED pathway, 
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all mutants were grown on M9 minimal medium which does not contain any supplemental 
dietary nutrients that would facilitate growth when growth should not normally occur. 
Watson et al. (200 1) demonstrated that biotin is an essential vitamin necessary for S. 
meliloti growth in culture. Sources of biotin can be derived from yeast extract and are required to 
supplementS. meliloti growth in culture (Watson eta!. 2001). The supplementation of cobalt, 
methionine, and cysteine may also be required for the vitamin B12-dependent homocysteine 
methyltransferase complex to properly function and facilitate growth of S. meliloti in culture; 
media containing methionine and cysteine, respectively, supported bacterial growth (Watson et 
al. 2009). Since both the yeast extract and M9 minimal medium contained biotin and cobalt, 
growth on the Y medium may have been facilitated by the additional methionine or cysteine 
derived from the yeast extract which support the proper functioning of the vitamin B 12-dependent 
homocysteine methyltransferase complex and increase the uptake of the complex B-vitamins 
found in Y medium but not in the M9 minimal media. 
The lack of growth of the fourS. meliloti mutants on the first round ofM9 plates 
containing glucose as a sole carbon source potentially confirmed that these mutants are glucose 
minus mutants. However, since the wild-typeS. meliloti 1021 also failed to grow on the M9 
plates containing glucose, this indicates that the media itself may have contributed to the lack of 
growth that occurred for all S. meliloti bacteria streaked on each M9 plate containing glucose. It 
is possible that the M9 media did not contain any or enough glucose to support bacterial growth. 
Without any carbon source available within the media, no S. meliloti mutant or wild-type 
colonies would be able to form, as was observed. However, this lack of growth may have also 
been caused by the old biotin that was used during the generation of the plates. 
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The biotin used during the first round of M9 plates was somewhat aged. This old biotin 
may also have contributed to the reduced rate of growth observed across the board for all S. 
meliloti mutants grown on the first round of M9 plates when compared to the rate of colony 
formation that occurred on Y media. However, if the biotin was the reason for reduced growth on 
M9 plates, it does not completely explain all of the mutants' and wild-type's lack of growth only 
on glucose. If the aged biotin was the root of the problem, all plates should have generated the 
same results: no growth. Since three of the mutants and the wild-type were able to grown on Y 
media-containing glucose, it appears that the fundamental error could have been not adding 
enough glucose during the formation of the M9 plates. To resolve this discrepancy and to 
confirm whether or not the mutants are in fact glucose minus mutants and to confirm the growth 
of the mutants on both the Y media and M9 plates, a second round of M9 plates containing new 
biotin that was autoclaved before its addition into the M9 media was conducted. 
All S. meliloti mutants and the wild-type grew at reduced rates during the second round 
of M9 plates, and no S. meliloti bacteria were capable of growing on gluconate. The reduced rate 
in growth may have been caused by autoclaving the biotin before adding it to the M9 media. 
Autoclaving the biotin may have degraded this nutrient that is required for the growth of cultured 
S. meliloti. However, Gonzalez (2009) did not observe a reduced rate in growth for the mutants 
when grown on different carbon sources within the M9 media generated using the same 
autoclaved biotin. It is possible that not enough biotin was added during the generation of the 
second round of M9 plates to support a normal rate of growth that the mutants should exhibit. 
Nonetheless, after a few days longer of incubation, growth of the mutants and wild-type did 
occur. The complete lack of growth on gluconate by any S. meliloti bacteria could have been 
caused by not adding a sufficient amount of gluconate to the medium to support bacterial growth, 
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as was seen during the first round ofM9 plates containing glucose. All other carbon sources 
during the second round provided a sufficient amount of energy required for growth of the 
mutants that were metabolically capable of utilizing that particular energy source. 
Confirmation as to whether or not the four mutants studied during this research were in 
fact glucose minus mutants was gained during the second round of M9 plating. During the 
second round of growing the mutants on M9 plates, the wild-type strain and mutants 107219 and 
207119 were able to grow on glucose, while mutants 307620 and 20749 were, again, incapable 
of growing on glucose. These results indicate that mutants 1 07219 and 207119 are capable of 
utilizing glucose as a sole carbon source and are thus not glucose minus mutants. In fact, when 
mutant 1 07219 was grown on glucose during the second round of M9 plates, it maintained an 
increased rate of growth when compared to the wild-type. Mutant 207119 experienced a reduced 
rate of growth on glucose when compared to the wild-type and mutant 107219, which may have 
been the reason for hypothesizing that this mutant was a glucose minus mutant prior to this 
investigation. While it is still capable of utilizing glucose, mutant 207119 cannot grow on any of 
the carbon sources at a normal rate, which indicates that there may yet be defective metabolic 
machinery necessary for the mutant to successfully utilize carbon sources through the ED 
pathway. Nonetheless, the results gained during the second round ofM9 plates confirm that 
mutants 307620 and 20749 are glucose minus mutants. 
When grown on Y media, only mutant 307620 showed reduced or no growth on 
particular carbon sources; all other mutants grew similarly to the wild-type S. meliloti observed 
on the respective plate. The inability of 307620 to grow on glucose confirms the hypothesis that 
this mutant is a glucose minus mutant. Adrianna Gonzalez (2009) observed that 307620 also 
failed to grow on Y media containing fructose or sucrose but could grow on galactose, lactose, 
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and succinate as sole carbon sources. Since 307620 could grow similarly to the wild-type on all 
carbon sources within the Y media that are introduced into the ED pathway at or past the 
appearance of gluconate, it appeared that the mutation occurring in 307620 directly impeding its 
ability to utilize glucose is a defective glucose-6-phosphodehydrogenase. However, the growth 
of mutant 307620 on Y media carbon sources, such as gluconate, may have been the result of the 
Y media containing additional growth factors . When grown on M9 media, mutant 30760 could 
not utilize gluconate, indicating that the mutation resides past the site of 6-phosphogluconate 
within the ED pathway. 
Although the lack of growth of 307620 on glucose was consistent for both Y and both 
M9 media trials, mutant 307620 was unable to utilize gluconate, cellobiose, trehalose, and 
maltose as sole carbon sources when grown on M9 media while it was capable of growing on 
these carbon sources when plated on Y media, albeit at a reduced rate. Since both M9 results are 
consistent with each other, the incompatible patterns of growth between the M9 and Y media 
agree with the hypothesis that the Y media contains growth factors that supplemented the growth 
of 307620 when no growth should have occurred. Since mutant 307620 was unable to 
metabolize gluconate as an energy source on M9 media but was able to utilize pyruvate and 
lactate, it is possible that the mutation present in 307620 lies past 6-phosphogluconate, being 
either a dysfunctional 6-phosphogluconate dehydrogenase or a dysfunctional 2-keto-3-deoxy-6-
phosphogluconate (KDGP) aldolase. Gonzalez (2009) observed that mutant 307620 was able to 
grow on lactose and galactose, which are introduced into the ED pathway at 2-keto-3-deoxy-6-
phosphogluconate. Since mutant 307620 could not grow on gluconate, but could grow on lactose 
and galactose, this isolates the site of the mutation at a defective 6-phosphogluconate dehydrase 
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or KDGP aldolase, making the mutant unable to utilize any carbon sources introduced into the 
ED pathway prior to or at 6-phosphogluconate. 
Discrepancies in growth were also observed for mutant 20749 when comparing the 
results obtained from theY and M9 media. There was no consistency in mutant 20749's pattern 
of growth when comparing the bacterium's ability to utilize carbon sources between Y and M9 
media. While mutant 20749 was able to grow on all carbon sources when plated on Y media, it 
was incapable of utilizing any carbon sources when grown on M9 media. Although small 
revertant colonies formed on M9-containing gluconate, trehalose, and maltose, 20749 showed no 
successful growth on any carbon sources within the M9 media. The ability of 207 49 to grow on 
Y media and not on M9 may have also been caused by the nutrient richness of the yeast extract 
within theY media. The yeast extract may have supported growth when mutant 20749 was not 
actually able to metabolize the carbon source as a direct source of energy; growth may have 
occurred from 20749's catabolism of the nutrients provided by the yeast extract. 
If the yeast extract did provide additional nutrients that support bacterial growth, the M9 
medium may have demonstrated 20749's actual metabolic capabilities. In addition to the lack of 
growth of mutant 20749 on any of the carbon sources within the M9 medium tested within this 
experiment, Gonzalez (2009) observed that mutant 20749 was also unable to grow on M9-
containing sucrose, fructose, lactose, or galactose, which is consistent with the observations 
made with 20749's growth on ED pathway carbon sources. Since mutant 20749 was unable to 
utilize any carbon sources prior to the introduction of pyruvate within the metabolic cycle, it is 
possible the mutation occurring in 20749 is a defective pyruvate dehydrogenase or within the 
citric acid cycle. However, Gonzalez (2009) observed the growth of mutant 20749 on succinate. 
Since succinate is directly introduced into the TCA cycle, mutations of enzymes within the TCA 
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cycle occurring before succinate would prevent ongoing cycles of aerobic metabolism to 
continue and growth of the mutant would not occur on succinate. With no growth on any carbon 
sources prior to succinate, the most likely mutation occurring in 20749 may be a dysfunctional 
pyruvate dehydrogenase. The nutrients provided by the yeast extract may have completely 
bypassed succinate, or the TCA cycle all together, to facilitate the growth of20749 on Y media. 
Since M9 media contains nearly ten times the amount of salts as Y media, the lack of 
growth on any of the carbon sources during both rounds of M9 plates could have resulted from 
mutant 20749's sensitivity to high salinities. It is possible that mutant 20749 is metabolically 
capable of utilizing some of the ED pathway carbon sources but was unable to grow because of 
the high concentrations of salt present within the M9 media. The mutation in mutant 20749 may 
have made this particular mutant more sensitive to high salinities than the other three mutants. 
However, Gonzalez (2009) observed that mutant 20749 was able to utilize succinate as a carbon 
source when grown on M9 media, indicating that the M9 media did not prevent the growth of 
mutant 20749 when it was metabolically capable of utilizing the available carbon source. 
The following diagram (Figure 9) depicts the sites of the hypothesized mutations 
occurring within mutants 307620 and 20749 along the ED pathway was generated based on the 
results obtained from the pattern of growth exhibited by each respective mutant when plated on 
M9: 
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Glucose X 307620 20749 307620 X 
20749 • 
Fructose .... Glucose-6-Phosphate 
307620 
• X 20749 
6-Phosphogluconate .-. Gluconate 
• 2-Keto-3-deoxy-6-phosphogluconic acid 
• "Galactose" # 307620 
Lactate ..... Pyruvate ~ X 20749 
307620 <:/' • ~ 307620 X 20749 
20749 X TCA ~ 307620 20749 
Figure 9 Ability of mutants 307620 and 20749 to utilize particular carbon sources and 
sites of possible mutations located along the ED pathway. 
The inability of mutants 307620 and 20749 to utilize particular carbon sources indicates 
where along the ED pathway the dysfunctional enzymes are present, which resulted from the 
Tn5 mutagenesis of the genes responsible for the synthesis of that particular enzyme. Figure 10 
depicts the hypothesized sites of the dysfunctional enzymes in mutants 307620 and 20749, 
respectively. 
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Glucokinase 
! 
Glucose-6-phosphate dehydrogenase 
! 
6-Phosphogluconate dehydrase X 307620 
! 
KDGP aldolase X 307620 
! 
Pyruvate Dehydrogenase X 20749 
! 
TCA Cycle Enzymes 
Figure 10 Possible dysfunctional enzymes located along the ED pathway inS. meliloti. 
(Mutant 307620 may contain a defective 6-Phosphogluconate dehydrase or KDGP aldose.) 
The ability of mutants 307620 and 20749 to form revertant colonies on carbon sources 
that they were not capable of successfully utilizing may have resulted from a mutation within the 
bacteria' s genome that reversed the mutation, making the mutants become wild-type. If the Tn5 
mutation occurred within the genome at an unstable site, it is possible that the Tn5 mutation was 
lost within the genome of a particular bacterium. The production of daughter cells from the now 
genetically wild-type bacterium would lack the Tn5 mutation, have a wild-type genome, and be 
able to utilize the carbon source. Since this genetic reversal of the Tn5 mutation would be a rare 
event, occurring only 1/109 times during the DNA replication and the production of daughter 
cells, revertants would only be seen in areas where the bacteria were streaked in high 
concentrations, as was observed. Revertant colonies appeared only in areas where the highest 
concentration of bacteria would occur on the plate: the sites of the first and second streaks of the 
bacteria onto the plate. Future work could be dedicated to determining whether the colonies 
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observed were in fact revertants by plating each colony on medium containing neomycin. 
Colonies that are unable to live on neomycin have lost the Tn5 insertion containing the neomycin 
resistance marker and are true revertant colonies. 
While the catabolism of the disaccharides cellobiose, trehalose, and maltose was not 
heavily understood prior to this investigation of glucose-mediated catabolite repression, it 
appears that both glucose moieties are introduced into the ED pathway before appearance of 
gluconate. Although it appeared that mutants 307620 and 20749 were capable of utilizing the 
three disaccharides when plated on Y media, this apparent growth may have been the result of 
supplemental growth factors supplied by the Y media itself. Both rounds of M9 plates revealed 
that both mutants 307620 and 20749 were incapable of growing on cellobiose, trehalose, and 
maltose as sole carbon sources. The inability of mutant 307620 or 20749 to grow on any of the 
three disaccharides in M9 media confirms that their reduced rate of growth seen on Y media was 
supported only by the nutrient richness supplied by the yeast extract and not on a portion of the 
carbon source itself. Since mutant 20749 was incapable of growing on any carbon sources 
introduced in the ED pathway prior to succinate and 307620 was incapable of utilizing any 
carbon sources prior to the production of pyruvate and lactate, both molecules of glucose from 
the disaccharides may be introduced into the ED pathway prior to the formation of pyruvate. 
Gonzalez (2009) observed that mutant 307620 was capable of growing on lactose and 
galactose, which are introduced into the ED pathway at pyruvate and glyceraldehydes-3-
phosphate (GAP). Lactose contains ~-D-galactose and glucose moieties and is cleaved into the 
single galactose molecule upon its entrance into the cell. Lactose is thus introduced into the ED 
pathway at the same point as galactose. Since mutant 307620 was capable of utilizing lactose and 
galactose but not cellobiose, trehalose, and maltose, the introduction of the three disaccharides 
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into the ED pathway may occur at a site prior to the introduction ofKDGP. It is possible that 
both glucose moieties of each disaccharide are introduced into the ED pathway directly as 
glucose. However, the variations in the glycosidic bonds occurring in each disaccharide may 
cause a glucose molecule with an alpha linkage - which occurs in trehalose and maltose - to 
become introduced into the ED pathway at a different site than beta-linked glucose moieties-
which occurs in cellobiose. Nonetheless, the introduction of the disaccharide glucose moieties 
must occur before the formation of pyruvate and glyceraldehydes-3-phosphate since mutant 
307620 failed to grow on cellobiose, trehalose, and maltose but was able to grow on lactose and 
galactose. 
Although this research provided additional knowledge concerning what the parameters 
are for glucose-mediated catabolite repression to occur inS. meliloti, future work should be 
conducted to confirm the results gathered during this research. A third round of M9 plates should 
be generated since the two rounds M9 media containing glucose and gluconate gave inconsistent 
results - possibly from the media not containing a sufficient amount of each carbon source. A 
third round of M9 plates should be conducted to confirm that the results observed for the S. 
meliloti mutants were factual representations of the mutants' metabolic abilities to catabolize 
each respective carbon source. Also, 107219 and 207119 should be grown on glucose at least 
one more time to confirm that these mutants are actually not glucose minus mutants. Perhaps 
more consistent results can be obtained by growing the bacteria in liquid culture and conducting 
assays to determine whether or not the mutants were capable of utilizing each respective carbon 
source. Although not enough time was available to conduct these investigations, these steps may 
confirm the results observed during this research. 
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Nonetheless, since mutant 307620 was incapable of utilizing gluconate when grown on 
M9 medium, glucose may need to be catabolized into 6-phosphogluconate in order to initiate 
catabolite repression on the lac operon. The defective 6-phosphogluconate dehydrase or KDGP 
aldolase present in mutant 307620 showed that when glucose is processed as far as 6-
phosphogluconate or KDGP, glucose exerts catabolite repression on the lac operon. However, it 
is possible that glucose may only need to be phosphorylated directly following its entrance into 
the cell or processed into ED pathway carbon sources prior to the appearance of 6-
phosphogluconate. Future work should investigate whether or not glucose can exert catabolite 
repression when processed into glucose derivatives introduced into the ED pathway prior to the 
appearance of 6-phosphogluconate, such as the introductions of glucose or glucose-6-phosphate 
into the ED pathway. It is possible that glucose may only need to be phosphorylated directly 
after its uptake into the cell. The results obtained for mutant 307620 indicate that the farthest 
point within the ED pathway to which glucose needs to be catabolized to exert catabolite 
repression of lactose utilization is 6-phosphogluconate. 
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Appendixes 
Sample Calculation for Determining Units of ~-Galactosidase Activity 
(1) Determine Light Scattering 
a. Determine OD420/0D55o for all unbroken cells 
Sample OD420 OD550 Light Scattering 
307620 (L) 0.76186 0.48756 1.562597 
307620 (LG) 0.13956 0.08686 1.606723 
207119 (L) 0.75346 0.45423 1.658763 
207119 (LG) 0.8038 0.48747 1.648922 
20749 (L) 0.58869 0.3478 1.692611 
20749 (LG) 0.70276 0.42206 1.665071 
b. Average Light Scattering for all unbroken cells 
(1.5626 + 1.6067 + 1.6588 + 1.6489 + 1.6926 + 1.6651) 
6 
Average LS = 1.6391 
c. Miller Equation for Units of ~-Galactosidase Activity (307620) 
1000 x [{OD4zo- (Light Scattering x ODsso)}/{Time x Volume x OD6oo}] 
(p-Galactosidase enzyme assay derived from Miller, 1972) 
1000 X [{0.8267- (1.639116678 X 0.3284)}/(50 X 0.5 X 1.2672) = 11.15792691 units 
d. Average all units of ~-galactosidase activity for each mutant 
(11.15792691 + 13.35325399 + 13.01766386) = 12.50961 units 
3 
Average Units 
M Light v Units ofB- ofB-
Sam~le {min} OD420 OD550 OD600 Scattering {mL} Galactosidase Galactosidase 
307620(L) 50 0.8267 0.30284 1.2672 1.5626 0.5 11.15792691 12.50961 
307620 (L) 50 0.76799 0.22076 1.2672 1.5626 0.5 13.3 5325399 
307620 (L) 50 0.86199 0.28772 1.2672 1.5626 0.5 13.01766386 
307620 (LG) 50 0.2062 0.10384 0.22359 1.6067 0.5 7.041081208 3.523745 
307620 (LG) 50 0.28976 0.23338 0.22359 1.6067 0.5 -15.24522809 
307620 (LG) 50 0.15351 0.09552 0.22359 1.6067 0.5 0.006407986 
(Only mutants with less than three-fold differences in fJ-galactosidase activity between the mutants grown on lactose 
and lactose plus glucose were deemed interesting. No mutants exerted this ratio.) 
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